Purpose: The mechanisms underlying the sensitivity of non^small cell lung cancer to epidermal growth factor receptor (EGFR) kinase inhibitors are complex, and there are no established markers to accurately predict treatment outcome in individual patients. Experimental Design: We investigated whether tumors responding to EGFR inhibitors can be identified by measuring treatment-induced changes in glucose utilization by positron emission tomography with the glucose analogue fluorodeoxyglucose (FDG-PET). We studied a panel of cell lines with a spectrum of sensitivity to EGFR kinase inhibitors. After incubation with the EGFR kinase inhibitor gefitinib for various time points, FDG uptake, glucose transport rates, and hexokinase activity were determined. FDG uptake in vivo was assessed by microPET imaging of tumor xenografts in mice. Results: In gefitinib-sensitive cell lines, there was a dramatic decrease in FDG uptake as early as 2 hours after treatment. Immunoblots showed the translocation of glucose transporters (GLUT3) from the plasma membrane to the cytosol; glucose transport rates were reduced 2.6-fold at this time. There was also a modest reduction of hexokinase activity. These metabolic alterations preceded changes in cell cycle distribution, thymidine uptake, and apoptosis. MicroPET studies showed an up to 55% decrease of tumor FDG uptake in sensitive xenografts within 48 hours. In contrast, gefitinib-resistant cells exhibited no measurable changes in FDG uptake, either in cell culture or in vivo. Conclusion: Glucose metabolic activity closely reflects response to gefitinib therapy. FDG-PET may be a valuable clinical predictor, early in the course of treatment, for therapeutic responses to EGFR kinase inhibitors.
Two small molecule inhibitors of the epidermal growth factor receptor (EGFR) tyrosine kinase (gefitinib and erlotinib), have recently been approved (1 -3) for the treatment of advanced, chemotherapy-refractory, non -small cell lung cancers (NSCLC). Both drugs can induce dramatic clinical responses, but only in small subgroups of patients. For the majority of patients with NSCLC, the beneficial effects of treatment with EGFR kinase inhibitors seem to be limited. Therefore, patient selection is critical for the clinical use of approved EGFR kinase inhibitors, as well as for future clinical trials, in this disease.
Several clinical and histologic characteristics have been shown to correlate with responsiveness to EGFR kinase inhibitors (4, 5) . Recently, specific mutations of the EGFR kinase domain have been identified to confer sensitivity to gefitinib and erlotinib (6 -8) . Although this observation provides highly valuable insights into the molecular mechanisms underlying sensitivity to EGFR kinase inhibitors, none of the known clinical or molecular tumor characteristics allows the accurate prediction of tumor response in an individual patient (4, 5) . Therefore, there is a clear need for new approaches to identify patients who will benefit from treatment with EGFR kinase inhibitors.
In this study, we evaluated whether the assessment of tumor glucose utilization by positron emission tomography (PET) with the glucose analogue, fluorodeoxyglucose (FDG), could be used to predict tumor response to EGFR kinase inhibitors early in the course of therapy. Previous studies have suggested that changes in tumor FDG uptake provide an early readout for the efficacy of conventional chemotherapy in NSCLC and in other tumor types (9 -11) . Furthermore, dramatic changes in tumor FDG uptake have been observed in patients with gastrointestinal stromal tumors treated with imatinib, a tyrosine kinase inhibitor with distinct target specificity (12, 13) . Based on these precedents, we hypothesized that similar changes in glucose metabolism may also occur, and may be useful in monitoring the response to targeted therapy in NSCLC tumors that are sensitive to EGFR kinase inhibitors.
Materials and Methods
Cell cultures. We used four NSCLC cell lines (A549, H3255, HCC4006, and H1975) and an epithelial carcinoma cell line with EGFR amplification (A431). A431, A549, and H1975 were obtained from the American Tissue Culture Collection (Rockville, MD). H3255 and HCC4006 were kindly provided by Dr. Bruce Johnson (Dana-Farber Cancer Institute, Boston, MA) and Dr. John Minna (the University of Texas Southwestern, Dallas, TX), respectively. The EGFR status of these cells, described in previous studies (6, 14 -17) , is summarized in Table 1 . All cells were grown in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Omega Scientific, Tarzana, CA), 2 mg/mL glucose, 100 units/mL of penicillin, and 100 units/mL of streptomycin (Invitrogen). Cells were grown at 37jC in an atmosphere of 5% CO 2 .
Growth curve analysis. Cells were plated in six-well plates (Costar, Cambridge, MA) at 0.5 to 1 Â 10 5 cells per well. After 24 hours, various amounts of gefitinib were added into each well. Gefitinib was synthesized in our lab according to published procedures (18) , and dissolved in DMSO. Quality control of gefitinib was done by nuclear magnetic resonance, high-resolution mass spectrometer, and reversed phase high-pressure liquid chromatography, as reported previously (18) . The chemical purity was >98%. Viable cell numbers from triplicate wells were determined every 24 hours for 4 days by trypan blue exclusion using the Vi-Cell XR instrument (Beckman Coulter, Fullerton, CA).
Western blot analysis. Following treatment with gefitinib, protein expression and phosphorylation status were assessed by Western blotting of cell lysates. When indicated, cells were stimulated with 100 ng/mL of epidermal growth factor for 15 minutes prior to preparation of the lysates as described previously (19) . Antibodies used for Western blotting included anti-phospho-EGFR (Y1173) mouse monoclonal antibody, clone 9H2 (Upstate, Lake Placid, NY); anti-actin mouse monoclonal antibody (Sigma, St. Louis, MO); rabbit anti-VDAC1 antibody (Abcam, Cambridge, MA); sheep anti-GLUT1 and anti-GLUT3 antibodies (Abcam, Cambridge, MA); anti-Na, K-ATPase mouse antibody (Abcam, Cambridge, MA); mouse anti-AKT (2H10) monoclonal antibody and mouse anti-phospho-AKT (Ser 473 ; 587F11) monoclonal antibody (Cell Signaling, Beverly, MA). Peroxidase-conjugated goat anti-mouse IgG and peroxidase-conjugated goat anti-rabbit IgG (both from Jackson ImmunoResearch, West Grove, PA) were used as the secondary antibodies for the Western blots. All blots were done according to the manufacturer's instructions.
Radioactive glucose and thymidine analogues. Synthesis and quality control of [ 18 F]fluorodeoxyglucose (FDG) and [ 18 F]fluorothymidine (FLT) were done by the UCLA Cyclotron Facility, as previously described (20) . For both FDG and FLT, the radiochemical purities were >99%, and the specific activities were >1,000 Ci/mmol. 3-O-[methyl-3 H] Glucose (3-OMeG; specific activity, 60 Ci/mmol) was obtained from Moravek Biochemicals (Brea, CA).
Cellular uptake of FDG and FLT. Cells were plated in six-well plates (Costar) at 1 Â 10 5 cells per well 1 day prior to the uptake experiment. On the day of the experiment, uptake medium containing FDG or FLT at 1 ACi/mL was added to each well. Glucose-free medium was used for FDG uptake. All uptake studies were done for 60 minutes at 37jC. Preliminary studies indicated that FDG and FLT uptake is linear over this period of time for all cell lines, and that there is no depletion of the radioactive substrates from the culture media. Triplicate wells were then rinsed twice in cold PBS, harvested with trypsin to determine cellassociated fluorine-18 radioactivity, using a Packard 5600 gamma counter (Packard, Meriden, CT). Washing did not induce significant efflux of FDG, as confirmed by preliminary studies comparing FDG uptake of cells washed for different periods of time in the presence or absence of the glucose transport inhibitors, cytochalasin B and phloretin. This indicates that after an incubation period of 60 minutes, almost all FDG was trapped intracellularly as FDG-6-phosphate. Radioactivity uptake values were normalized to the number of viable (trypan blue -negative) cells, and expressed relative to untreated controls.
Cell cycle and apoptosis analysis. After being treated with gefitinib in the same way as described for the cell uptake studies, cells were stained with propidium iodide (Calbiochem, San Diego, CA) and RNase A (Sigma, MO) in a hypotonic buffer. The DNA content was then analyzed by a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ) using the CellQuest 3.1 software (Becton Dickinson) for acquisition, and the ModFit LT 2.0 software (Verity, Topsham, ME) for analysis. For assessment of cellular apoptosis, cells were stained with FITC-conjugated Annexin V from the Apoptosis Detection Kit II (BD Biosciences, San Jose, CA), and analyzed with FACScan (Becton Dickinson), gating out doublets and clumps using pulse processing, and collecting fluorescence above 620 nm.
Cellular fractionation. Mitochondrial fractionation was done using a mitochondria isolation kit from Pierce (Rockford, IL). Plasma membrane fractionation was done using the plasma membrane protein extraction kit from Biovision (Mountain View, CA). Fraction purity was assessed by Western blot analysis of the mitochondrial marker, VDAC/Porin (21) ; and the plasma membrane marker, Na + , K + -ATPase (22) , respectively.
Hexokinase assay. Cells were harvested, washed twice in cold PBS, and lysed in extraction buffer [45 mmol/L Tris-HCl (pH 8.2), 50 mmol/L KH 2 PO 4 , 10 mmol/L glucose, 11.1 mmol/L monothioglycerol, 0.5 mmol/L EDTA, 0.2% Triton X-100]. Mitochondrial fractions were also resuspended in this extraction buffer. Extracts were assayed for hexokinase activity by a standard G-6-P dehydrogenase-coupled spectrophotometric assay (23), in a final solution containing 50 mmol/L of Tris-HCl (pH 8), 1 mol/L of glucose, 6.8 mol/L of NAD, 100 mmol/L of ATP, 13.3 mmol/L of MgCl 2 , 30 units of G6DPH, and the cellular extracts. The reaction was started by the addition of extract samples and monitored at 340 nm at room temperature using the UV-Visible Spectrophotometer 8453 (Agilent Technologies, Palo Alto, CA).
Measurement of glucose transport by 3-OMeG. Cells were plated in six-well plates (Costar) at 1 Â 10 5 cells per well 1 day prior to the uptake experiment. On the day of the experiment, cells were incubated with 3-OMeG (1 ACi/mL) and cold 3-OMeG from 10 seconds to 3 minutes at a final concentration of 0.05 mmol/L 3-OMeG, as previously described (24) . Triplicate wells were washed with ice-cold PBS supplemented with 100 mmol/L of phloretin, and lysed with 0.1% SDS. The cell lysates were collected, scintillation fluid (ICN, Costa Mesa, CA) was added, and 3 H radioactivity was determined quantitatively in a Packard h-counter calibrated with quenched 3 H standards. Time activity curves for cellular uptake of 3-OMeG (normalized as described for the FDG uptake studies) were fitted by using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA) and initial transport rates as well as uptake at equilibrium were calculated.
Xenograft model. Severe combined immunodeficient (Scid/Scid) mice were purchased from The Jackson Laboratory (Bar Harbor, MN). All animal manipulations were done with sterile techniques following the guidelines of the UCLA Animal Research Committee. Cells (1-2 Â 10 6 cells per mouse) growing exponentially in culture were removed from the plate with trypsin, resuspended in PBS and Matrigel (BD Biosciences, Bedford, MA), and injected s.c. into the right hind leg or flank of severe combined immunodeficient mice. Animals underwent a first microPET/CT scan after tumors had grown to an approximate size of 100 mm 3 . Groups of at least three mice were then randomized for treatment with 70 mg/kg/d of gefitinib versus vehicle. All mice underwent a second microPET/CT scan 2 days later.
MicroPET and microCT imaging. MicroPET/CT scans were done using the microPET FOCUS 220 PET scanner (ref. 25 ; Siemens Preclinical Solutions, Knoxville, TN) and MicroCAT II CT scanner (Siemens Preclinical Solutions). Mice were fasted for 6 hours prior to FDG injection and placed on a heating pad (30jC) starting 30 minutes prior to FDG injection. For FDG injection and imaging, mice were anesthetized using 1.5% to 2% isoflurane. Mice were imaged in a chamber that minimizes positioning errors between PET and CT to <1 mm (26) . Imaging was started 60 minutes after an i.p. injection of 200 to 300 ACi of FDG. Image acquisition time was 10 minutes. Immediately after the PET scan, the mice underwent a 7-minute microCT scan, using routine image acquisition variables (26) . Images were reconstructed by filtered back-projection, using a ramp filter with a cutoff frequency of 0.5 Nyquist. Image counts per pixel per second were calibrated to activity concentrations (Bq/mL) by measuring a 3.5-cm cylinder phantom filled with a known concentration of FDG. For display, activity concentrations were expressed as a percentage of the decay-corrected injected activity per gram of tissue by using AMIDE software (27) . Spherical regions of interests (2 mm diameter) were placed in the area of the tumor with the highest FDG uptake. To account for interindividual differences in FDG biodistribution, a spherical region of interest with a diameter of 4 mm was placed in the liver as a reference region (28) . Tumor FDG uptake was then expressed as the ratio between the mean activity concentrations in the tumor divided by the mean activity concentration in the liver. Gefitinib treatment did not induce systematic changes in liver FDG uptake. Regions of interest were defined in the PET/CT fusion images generated by the AMIDE software to ensure accurate anatomic positioning of the regions of interest in the tumor and liver.
Statistical analysis. Quantitative results are expressed as mean F 1 SE. Comparisons were made by t tests as well as by ANOVA as appropriate. Significant associations in ANOVA were further analyzed by Bonferroni post hoc tests. Differences were considered significant when P < 0.05.
Results
Sensitivity of cells to gefitinib. We first selected H3255 and A549 cells as models for gefitinib-sensitive and gefitinib-resistant cells. As reported previously, H3255 cells were highly sensitive to gefitinib, cell growth was significantly inhibited at a concentration of 0.2 Amol/L (P < 0.01, Fig. 1A ). This growth-inhibitory effect of gefitinib was paralleled by an inhibition of EGFR and AKT phosphorylation (Fig. 1B) . In contrast, the growth of A549 cells was only inhibited at a concentration of 20 Amol/L of gefitinib. Even at this high concentration, there was no measurable decrease in Akt phosphorylation ( Fig. 1A and B) .
Uptake of FDG reflects immediate cellular response to gefitinib treatment. In H3255 cells, FDG uptake per viable cell was reduced to <50% of vehicle controls within 2 hours of gefitinib therapy (P < 0.01, Fig. 1C ). In contrast, gefitinib did not significantly affect the cellular uptake levels of FDG in the gefitinib-resistant A549 cells, regardless of treatment time or dose (P > 0.08, Fig. 1C) .
Changes in FDG uptake precede inhibition of cellular proliferation and induction of apoptosis by gefitinib. Four hours after incubation with 0.2 Amol/L of gefitinib, there were no differences in cell cycle distribution for treated H3255 cells and controls ( Fig. 2A) . However, at day 2 of gefitinib treatment, 90% of the cell population was arrested in G 1 . No significant difference in cell cycle patterns were observed in A549 cells at all time points (data not shown). As a second measure for determining changes in cellular proliferation, we studied the uptake of the thymidine analogue FLT. In contrast to the rapid decrease of FDG accumulation after the initiation of gefitinib treatment in H3255 cells, no change was observed at 2 hours post-treatment (data not shown), and only a 25% difference was detected at 4 hours post-treatment (P = 0.11, Fig. 2B ). A dramatic decrease (f90%) in FLT uptake in H3255 cells was observed at day 2 of treatment (P < 0.01, Fig. 2B ). In A549 cells, there were no significant changes in FLT uptake after treatment with 0.2 Amol/L of gefitinib (P = 0.45).
Both H3255 and A549 cells have a basal level of apoptosis of 7% to 8% Annexin V -positive cells (Fig. 2C ). Treatment of H3255 cells with 0.2 Amol/L of gefitinib for 2 days caused an almost 2-fold increase in the fraction of Annexin V -positive cells (to 14.7 F 0.3%; P < 0.01). There was no measurable increase in the number of apoptotic cells after 4 hours of gefitinib treatment (P = 0.53, Fig. 2C ). Treatment of A549 cells with 0.2 Amol/L of gefitinib did not significantly increase the fraction of Annexin V -positive cells at either 4 hours or 2 days (P = 0.45, Fig. 2C) .
Mechanism behind the effect of gefitinib on FDG uptake. FDG is transported into cells by the sodium-independent glucose transporter proteins (GLUT), then phosphorylated by hexokinase and thus trapped intracellularly. Treatment of H3255 cells with 0.2 Amol/L of gefitinib for 2 hours led to a slight f20% decrease of hexokinase activity in whole cell and mitochondria extracts (P = 0.03 and P = 0.01, respectively; Fig. 3A and B) .
We next examined whether GLUT protein levels and function were affected by EGFR kinase inhibition. We investigated the functionality of GLUT transporters in gefitinib-treated H3255 cells by determining the uptake rates of 3-OMeG. 3-OMeG is a glucose analogue which cannot be phosphorylated by hexokinase; hence, the initial transport rate of 3-OMeG is a measure of glucose transport activity only (24) . Following treatment with 0.2 Amol/L of gefitinib for 2 hours, the 3-OMeG transport rate of H3255 cells decreased from 0.050 F 0.015/s to 0.019 F 0.001/s (Fig. 3C) .
The levels of GLUT transporter proteins were determined by Western blotting for H3255 cells (Fig. 3D ). H3255 cells express GLUT3 but not GLUT1 (data not shown). Treatment with 0.2 Amol/L of gefitinib for 2 hours did not significantly decrease GLUT3 levels in whole cell lysates (Fig. 3D ). However, no GLUT3 was detectable in the plasma membrane fraction of treated H3255 cells, whereas a noticeable increase of GLUT3 was observed in the cytosol fraction after gefitinib treatment. This result suggests that gefitinib causes the transporter to translocate from the plasma membrane to the cytosol.
Effect of gefitinib on FDG uptake of other cell lines.
To determine whether our findings in H3255 and A549 cells may be generalized, we studied cell lines with other mechanisms for gefitinib sensitivity or resistance (Table 1) . A gefitinib concentration of 1 Amol/L was used as the cutoff for sensitivity, as described in previous reports (29, 30) . In the two sensitive cell lines, HCC4006 and A431, treatment with gefitinib caused inhibition of phospho-EGFR and phospho-AKT, although this effect was not quite as pronounced as in H3255 cells. Gefitinib had no effect on phospho-AKT and phospho-EGFR levels of the resistant cell line, H1975 (Fig. 4A ). In HCC4006, FDG uptake decreased as rapidly, but not as pronounced as in H3255 cells (P < 0.01, Fig. 4B ). In A431 cells, the reduction of FDG uptake after 2 hours of gefitinib treatment was only moderate (P = 0.11 and P = 0.01 for treatment with 0.2 and 20 Amol/L gefitinib, respectively). However, following 2 days of gefitinib treatment, the reduction of FDG uptake was comparable to H3255 cells (P < 0.01, Fig. 4C ). In contrast, gefitinib did not cause a measurable decrease in FDG uptake in H1975 cells (P > 0.9, Fig. 4D ).
Utilizing FDG PET imaging to monitor response to gefitinib treatment in mice. To determine whether the rapid decrease of FDG uptake in gefitinib-sensitive cells could be detected in vivo by FDG-PET, we imaged mice bearing xenografts of sensitive and resistant cell lines before and after treatment with gefitinib.
In sensitive cell lines, there were dramatic reductions in FDG uptake after 2 days of gefitinib therapy, whereas no significant decreases of FDG uptake were observed in the resistant tumors, A549 ( Fig. 5A ) and H1975 (data not shown). Quantitative tumor FDG uptake decreased by at least 40% in all the gefitinib-sensitive cell lines (P < 0.05). In contrast, there were no measurable reductions of FDG uptake in the resistant cell lines (Fig. 5B ).
Discussion
This study shows that, in gefitinib-sensitive cancer cells, EGFR kinase inhibition results in a rapid reduction of exogenous glucose utilization. This includes cells with EGFR kinase mutations (L858R or exon 19 deletions), as well as cells with amplification of wild-type EGFR. The effect of gefitinib on tumor metabolism preceded measurable changes in S phase fraction, thymidine uptake, and Annexin V binding. In contrast, gefitinib did not affect FDG uptake in resistant cell lines. Using PET imaging, sensitive and resistant tumors could be differentiated in tumor-bearing mice after only 2 days, following two oral doses of gefitinib. These findings make FDG-PET a very promising technique to predict tumor response to EGFR kinase early in the course of therapy. Several patient characteristics, such as a history of not smoking, female gender, East Asian origin, and adenocarcinoma histology, are significantly associated with a greater benefit from treatment with EGFR kinase inhibitors (1 -3, 31) . More recently, specific mutations of the EGFR kinase domain have been shown to confer tumor sensitivity to treatment with gefitinib and erlotinib (6 -8) . However, as the number of patients with NSCLC undergoing EGFR mutation analysis has increased (31 -33) , it has become apparent that some tumors with mutations do not respond to treatment with EGFR kinase inhibitors. Conversely, a sizable subset of tumors, which do respond to gefitinib or erlotinib, seem to express only wild-type EGFR. Thus far, the reported positive and negative predictive values of EGFR kinase mutations for tumor response have varied widely (6 -8, 31 -33) . This may be due to the fact that accurate evaluation of EGFR mutational status in clinical samples remains technically challenging and still needs to be standardized (4) . In addition, several factors have been identified in experimental or clinical studies that can modulate the sensitivity of cancer cells to gefitinib. These include EGFR amplifications, overexpression of EGFR ligands (34), ErbB-3, and PTEN status (29, 35) , secondary mutations of the EGFR kinase (16, 36) , as well as the efflux of gefitinib mediated by multidrug transporters (37) . Given the complexity of the ErbB signaling pathway and its well-documented cross-talk with other pathways (38) , it will be challenging to develop a complete model that takes into account all possible confounding factors for predicting the outcome of therapy in an individual patient.
For the reasons outlined above, we investigated an alternative approach to predict tumor response to the EGFR tyrosine kinase inhibitor gefitinib, by measuring early changes in tumor glucose use. Our cell culture data show that, in gefitinibsensitive cell lines, FDG uptake per viable (trypan bluenegative) tumor cell decreases as early as 2 hours after exposure to the drug. These data suggest that the decrease of the FDG signal is not caused by cell death, but reflects changes in glucose metabolic activity of viable tumor cells. This suggestion is further supported by the observation that FDG uptake significantly decreases at a point in time when there is no increase in the fraction of Annexin V -positive cells. Furthermore, gefitinib-resistant cell lines did not show a measurable decrease in FDG uptake, even at the high, clinically irrelevant concentration of 20 Amol/L (30), which inhibited cell growth in culture after prolonged exposure.
Our data suggests that in sensitive cell lines, gefitinib leads to the translocation of glucose transporters from the plasma membrane to the cytosol, as shown by Western blots of the whole cell, cytosol, and plasma membrane fractions. The functional consequences of this translocation were confirmed by determining glucose transport capacity with the metabolically stable glucose analogue, 3-OMeG. We observed a f50% decrease of initial transport rates, and a f25% decrease of uptake at equilibrium.
The second step of FDG metabolism, phosphorylation by hexokinase, was only modestly affected in whole cell and mitochondria extracts. However, we cannot rule out the significance of reduced glucose phosphorylation contributing to the rapid decrease of FDG uptake in sensitive cells. Hexokinase activity (39) was measured in cell extracts, which might not necessarily be representative for intact cells because complex biochemical interactions across the glycolytic and other related pathways can affect glucose phosphorylation rates. Further kinetic studies will be needed to determine which mechanism (or both) is the main factor in leading to the robust reduction of FDG accumulation in response to gefitinib.
Future studies are also needed to determine how the inhibition of EGFR signaling by gefitinib causes glucose transporter translocation and a consequent reduction in glucose uptake in sensitive cell lines. One possible mechanism could be through AKT, which is linked to glucose metabolism both in normal tissues and in cancer cells (40) . Treatment with EGFR kinase inhibitors has been previously shown to inhibit AKT phosphorylation in gefitinib-sensitive, but not gefitinibresistant tumors (19, 29, 41) ; which we confirmed in our study ( Figs. 1B and 4A) . We also observed a correlation between AKT inhibition and FDG uptake within the three sensitive cell lines. Compared with H3255 cells, A431 and HCC4006 cells showed less dramatic changes in FDG uptake and a less pronounced inhibition of AKT-phosphorylation in response to gefitinib.
Recent studies (42, 43) have shown that inhibition of two other protein kinases (c-kit and Bcr-Abl) with imatinib also induces a rapid loss of glucose transporters at the plasma membrane and decreases glucose transport rates. Taken together with our data, this suggests that there may be a close link between several oncogenic signaling proteins and glucose transport.
Although the results of our study support the idea that FDG-PET will be useful for predicting tumor response to EGFR kinase inhibitors in clinical trials, several limitations should be noted. First, we investigated the two best established mechanisms for sensitivity to EGFR kinase inhibitors (gene amplification and EGFR kinase domain mutations). However, other mechanisms may be clinically relevant, and it remains to be determined whether they are also associated with early changes in glucose metabolic activity during gefitinib treatment. Furthermore, the composition of human tumors is much more heterogeneous than that of mouse xenografts; hence, the reduction of FDG uptake in patients might not be as dramatic as in the mouse model system. However, clinical studies have shown that FDG uptake of human tumors can be measured by FDG-PET with high reproducibility (11) . Therefore, a treatment-induced reduction of FDG uptake in tumors in response to gefitinib may well be measurable in clinical studies, even if the changes are not as dramatic as in animal models.
In conclusion, our data provide a strong rationale to evaluate FDG-PET for the prediction of tumor response to EGFR kinase inhibitors in clinical trials. If these trials confirm the predictive value of metabolic changes for tumor response, FDG-PET in combination with molecular analysis of the tumor tissue may significantly reduce the side effects (44) and costs of ineffective therapy. In preclinical models, several irreversible EGFR kinase inhibitors have been shown to be effective in cancer cells that are resistant to gefitinib and erlotinib (45, 46) . Therefore, rapid, noninvasive imaging techniques to monitor tumor responses are likely to become even more important in the future because treatment may be adjusted in patients with primary or secondary resistance to gefitinib or erlotinib.
